The World Cancer Research Fund (WCRF) 2007 stated that the consumption of processed meat is a convincing cause of colorectal cancer (CRC), and therefore, the public should avoid it entirely. Sodium nitrite has emerged as a putative candidate responsible for the CRC-inducing effects of processed meats. Sodium nitrite is purported to prevent the growth of Clostridium botulinum and other food-spoiling bacteria, but recent, contradictory peer-reviewed evidence has emerged, leading to media reports questioning the necessity of nitrite addition. To date, eleven preclinical studies have investigated the effect of consuming nitrite/nitrite-containing meat on the development of CRC, but the results do not provide an overall consensus. A sizable number of human clinical studies have investigated the relationship between processed meat consumption and CRC risk with widely varying results. The unique approach of the present literature review was to include analysis that limited the human studies to those involving only nitrite-containing meat. The majority of these studies reported that nitrite-containing processed meat was associated with increased CRC risk. Nitrite consumption can lead to the formation of N-nitroso compounds (NOC), some of which are carcinogenic. Therefore, this focused perspective based on the current body of evidence links the consumption of meat containing nitrites and CRC risk.
Introduction
It has been reported that between 66% and 99% of Europeans consume processed meat, with the mean amount consumed per day ranging between 10 and 80 g per day [1] . Processed meats are defined as meats that have been modified through curing, fermentation, salting, smoking, or otherwise, for the purpose of improving shelf life and/or enhancing flavour. Red meat is a nutritionally important source of protein, providing all essential amino acids and minerals, such as iron, selenium, and zinc. In 2007, the World Cancer Research Fund (WCRF) stated that there is convincing evidence linking the consumption of red and processed meat with the development of colorectal cancer (CRC) [2] . The WCRF further stated that the public should limit their intake of red meat to below 500 g per week, and avoid processed meat entirely. A further update from the WCRF emphasized that no safe level of processed meat could confidently be attributed to a lack of risk [3] . The International Agency for Research on Cancer (IARC) stated that with every increase of 50 g of processed meat consumption per day, the risk of CRC rises by 18%, whilst with every increase of 100 g of red meat consumed per day the risk of CRC rises by 17% [4] . Numerous meta-analyses have been conducted in this area, the majority of which have reported processed meat to be linked to CRC development [5] [6] [7] [8] [9] [10] [11] [12] . Due to the narrow scope of a meta-analysis, no animal evidence is included in the synthesis, but animal studies are well controlled, so it is important to consider them in the balance of evidence.
Genetic risk factors are undoubtedly involved in CRC development; however, increasing evidence suggests a more minor role than previously thought. Studies mapping the geographical incidences of cancer have noted that incidences in immigrants begin to reflect that of the host nations' incidences within a single generation [13] , indicating that environmental factors are the largest contributor to CRC development.
A number of components present in processed meat have been implicated as potential causes of CRC including heterocyclic amines (HCA), polycyclic hydrocarbons (PAH), nitrites, haem iron, and high fat. HCA and PAH are also present in other foodstuffs that are not associated with CRC, such as fish and poultry, and therefore, have been largely ruled out [14] . Nitrites have emerged as a leading candidate responsible for processed meats' association with CRC; however, it is possible that a combination of the constituents listed could coalesce to initiate the pathogenesis of CRC. Nitrites are an effective preservative that uniquely prevent the growth of clostridium botulinum. Nitrites also enhance the colour and flavour of processed meat. Nitrite consumption can lead to the endogenous formation of N-nitroso compounds (NOC), some of which are carcinogenic [15] .
The WCRF has extensively reviewed the existing research concerning the effect of processed meat consumption and CRC and their conclusions appear to be definitive. There is good reason to believe that a causal relationship exists; however, there is not consensus of opinion in the scientific literature. This review analyses the conflicting preclinical and clinical research investigating the role of processed meat consumption in the development of CRC. There is a specific focus on the relationship between nitrite-containing processed meat and CRC.
Methods
As shown in Figure 1 , a literature search was conducted using 3 search engines: Pubmed, Scopus, and Web of Science. A combination of the following terms were searched: colorectal cancer, CRC, processed meat, sausage, bacon, nitrite, and N-nitroso compounds.
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As shown in Figure 1 , a literature search was conducted using 3 search engines: Pubmed, Scopus, and Web of Science. A combination of the following terms were searched: colorectal cancer, CRC, processed meat, sausage, bacon, nitrite, and N-nitroso compounds. 
Inclusion and Exclusion
Studies were included provided that they met the following criteria: full text was available, written in English, including single or multiple measures of colorectal cancer; that it was a human study that included a measurement of processed meat consumption. Reviews and technical reports were excluded. Studies that only utilised in vitro techniques were excluded. 
Studies were included provided that they met the following criteria: full text was available, written in English, including single or multiple measures of colorectal cancer; that it was a human study that included a measurement of processed meat consumption. Reviews and technical reports were excluded. Studies that only utilised in vitro techniques were excluded. In summary, the existing preclinical research investigating the effect of nitrite exposure on CRC development is conflicting and methodological inconsistencies are apparent. Furthermore, the lack of a dose-response study is a major deficiency. The heterogeneous nature of chemical-induced cancer in animal models can be problematic, due to the unpredictability of the location and timing of cancer development [30] . Despite the variability that ensues, the majority of existing studies have used chemically induced models. Future studies should investigate models spontaneously developing CRC, such as the Apc Min mouse. This is a murine model that is susceptible to colorectal adenomas, in which there is a deletion of the APC gene. It is similar to the human hereditary condition, familial adenomatous polyposis (FAP). The use of in vivo models with similar pathogeneses to human conditions will increase the ability to extrapolate the findings.
Differences in physiological processes exist between humans and murine models, preventing direct extrapolation of findings. For example, the microflora of humans and rats differ and given that bacteria can increase the formation of nitrosamines [31] . Such differences may have a considerable effect on the association between nitrite consumption and CRC development. It is, therefore, imperative to give greater credence to human studies.
Clinical Evidence
A large number of studies of differing designs have investigated the relationship between human processed meat consumption and CRC. Table 2 ; Table 3 , respectively, describe all prospective studies and case-control studies conducted thus far. Supplementary Tables S1 and S2 include more information  about the studies presented in Tables 2 and 3 . Of the 49 human studies identified, 23 found that processed meat consumption was linked with CRC , 25 found no link , and one study found processed meat to be protective for CRC [80] . It is, therefore, difficult to draw any definitive conclusions from these studies. Proximal colon; ‡ distal colon; CRC colorectal cancer. Where the authors did not provide the relative risks for males and females combined, we have provided the gender specific relative risks. Relative risk values reflect those in the highest consumption group vs those in the lowest consumption group. All relative risk values are adjusted, more details are provided in Supplementary Table S1 . African American; CRC colorectal cancer. Where the authors did not provide the relative risks for males and females combined, we have provided the gender specific relative risks. Relative risk values reflect those in the highest consumption group vs those in the lowest consumption group. All relative risk values are adjusted, with the exception of Iscovich et al. and Nowell et al. more details of adjustments are provided in Supplementary Table S2 . Although an equal number of studies prove/disprove the link between processed meat and CRC, those studies which found a relationship generally involved more participants; this explains why numerous meta-analyses have concluded that processed meat is a risk factor for CRC [5] [6] [7] . One study reported no association between processed meat consumption and CRC in men (n = 241), but reported a beneficial association between processed meat and CRC in women (n = 197) [69] . Two further prospective studies found that processed meat consumption was associated with CRC in men but not in women [37, 59] . These findings were supported by three further studies (n = 119,260) indicating no effect of processed meat in female cases and controls [32, 55, 79] . A study of almost 48,000 American men reported that the association between processed meat consumption and CRC did not reach significance (p = 0.06) [73] .
Studies Focusing on Nitrite-Containing Meat and CRC
Of the human studies discussed above, 17 studies investigated nitrite-containing processed meats (Table 4 ). Five studies found nitrite-containing processed meats to have no effect on CRC [43, 56, 57, 59, 62] and one study found nitrite-containing processed meat was protective [80] . In contrast, a total of 11 studies found that nitrite-containing processed meat increases the risk of CRC [34] [35] [36] [37] [38] [39] 42, 45, 48, 49, 53] . This indicates that the proposed causal relationship between processed meat is potentially skewed by the intake of nitrite-containing processed meats.
Of the prospective studies discussed (n = 5), three used the International Classification of Diseases criteria to confirm that the participant met the conditions of a positive diagnosis of CRC [49, 57, 59] ; two studies did not specify which criteria they used. Wu et al. [48] consulted the patients' medical records. Takachi et al. [56] conducted a linkage study, where the researchers had access to a local cancer registry. Of the case-control studies (n = 12), ten studies recruited participants that had histologically confirmed adenocarcinoma; only one stated that the International Classification of Diseases criteria was applied to their study population [80] . Dales et al. [62] recruited hospitalized CRC patients, whilst Young and Wolf [37] recruited participants from the Wisconsin Cancer Reporting System.
All studies used a food frequency questionnaire (FFQ) to capture processed meat consumption in their respective cohorts; only two of the studies set out with the intention of investigating the role of nitrite in CRC development [59, 62] and both of these found no relationship. No study considered the concomitant consumption of haem proteins, and only one study considered the effect of nitrosamine exposure [59] levels; however, no study directly measured that. The FFQs varied in design and detail. Three studies recorded information on portion size [43, 45, 57] , and the remainder did not. Researchers invited participants to describe their consumption habits in a number of ways, Dales et al. [62] included eight different frequencies, ranging from "never" to "at least once a day." Four studies provided their participants with six frequencies to choose from [34, 37, 48, 80] . Two studies used five categories of frequency [42, 57] , Lohsoonthorn et al. [53] used four categories; the remainder of the studies did not specify how many categories were available (n = 10). Only one study described their FFQ as validated [39] . It has been shown that illness substantially effects dietary intake, and it is, therefore, crucial that all studies investigating the causative effect of habitual dietary pattern, consider the period prior to illness. Of the studies that recruited participants with existing CRC (n = 12), seven studies stated that participants were instructed to record dietary information on periods prior to illness. These periods ranged from weekly to over the course of the participant's lifetime. Sig ↑ ¥ but not The above analysis of prior studies clearly indicates that there is a need for methodical studies which specifically investigate nitrite exposure, and which control for confounding factors, such as haem, and saturated fat intake. As a pre-requisite, a well-designed, validated FFQ focusing on processed meat must include portion size. An early report concluded that although processed meat consumption was linked to CRC development [36] , nitrite was not responsible. This conclusion was based on the finding that meat with no nitrite had a higher relative risk than meat with nitrite [36] . The authors postulated that meat consumption was acting as a surrogate measure of saturated fat consumption, and that in fact, saturated fat intake could be responsible for the positive association [36] . Further investigation found that the frequency of consumption of nitrite-containing foods and high fat containing foods were not different between cases or controls [62] . This hypothesis is disputed by a study that found controlling for meat intake substantially decreased the association between fat intake and CRC development, suggesting that meat intake was responsible for the relationship [81] .
Positive relationships between CRC and the consumption of salami [38] , sausages [39] , ham [34] , and bacon [45] have been reported, although Sato et al. [57] found no relationship between CRC and sausage or ham intake. The content of a sausage differs greatly depending on the location it is being manufactured in. Sausages made in continental Europe tend to contain sodium nitrite, whilst British/Irish sausages do not. As the aforementioned studies that measured sausage intake were conducted in Argentina and Japan, respectively, it is difficult to determine the proportion of nitrite-containing sausages that the populations actually consumed.
In a prospective study of 9985 participants, it was reported that N-nitrosodimethylamine consumption was positively related to CRC development; when locating the origin of the N-nitrosodimethylamine, there was a strong significant association between intake of smoked and salted fish and risk of CRC; however, the association between intake of cured meat and sausages with CRC was not significant [59] . A case-control study found that CRC patients were more likely to consume processed lunchmeat at various stages of their life compared with controls, and furthermore, it was speculated that additives such as nitrites may be responsible for this association [37] . Pierre et al. (2013) [22] conducted the only human intervention study in this area. Seventeen males were asked to abstain from meat and antioxidants for a 7-day control period, following which they consumed 180 g of ham per day for 4 days; after a washout period, the same participants consumed 180 g of tocopherol enriched ham a day for 4 days, and finally, 180 g of ham and 500 mg of calcium per day. During the ham-only period, participants had significantly higher faecal levels of apparent total N-nitroso compounds (ATNC) and thiobarbituric acid reactive substances (TBARS) than during the control periods. The addition of calcium to the diet mitigated this rise. There was no change in the faecal water cytotoxicity or 1,4-Dihydroxynonane mercapturic acid (DHN-MA) following any treatment. None of the markers measured in that study are validated markers of colorectal cancer; however, they are the best available without imaging or visualising the colon. The existing human evidence indicates that nitrites, through their exogenous and endogenous conversion to NOCs, are an important contributing factor in the proposed causal link between processed meat consumption and CRC.
Potential Mechanisms
Up to 75% of NOC exposure can be attributed to endogenous production [82] . NOCs are formed following the ingestion of nitrite. The mechanism responsible for this is the electron exchange reaction involving amines and nitrogen oxides; this occurs most efficiently when at low pH [83] . NOCs are also encountered from exogenous sources, such as cigarette smoking and the diet. Nitrosamines are also exogenously produced, commonly occurring in foods such as cheese, fish, beer, and water. Common forms of exogenous derived nitrosamines are N-nitrosodimethyamine (NDMA); N-nitrosodiethylamine (NDEA); Nnitrosodibutylamine (NDBA); and N-nitrosopiperidine (NPIP). Not all of these compounds are carcinogens but some have been classified as probable by IARC [84] .
The enzymatic incorporation of a hydroxyl group to N-nitrosamines catalysed by cytochrome P450 2E1 (CYP2E1) yields diazomethane, and ultimately, DNA-reactive methyl carbocation [85] .
This involves the formation of methylated DNA adducts, by the addition of an alkyl group to oxygen within DNA bases, which leads to the production of two mutagenic nucleobases, O 6 -methylguanine and O 4 -methylthymine [86] . The relationship between CYP2E1 and NOC metabolism is so profound that it has been reported that depletion of CYP2E1 confers resistance to smoking-induced lung cancer [87] . Haem centres can reduce nitrite to nitric oxide (NO), and depending on substrate availability, nitrosation can then occur. It has been shown that the nitrosation of amines can lead to the production of diazoacetate and ultimately O 6 -carboxymethyl-2 -deoxy-guanosine, which is a further NOC DNA adduct [88] .
Multiple nutrients have been shown to prevent the formation of NOCs, including vitamin C, vitamin E, and chlorophyll. It is well established that vegetables contain significant amounts of nitrates which can be reduced by bacteria during mastication to form nitrite, and this nitrite enters the stomach for nitrosation. However, as vegetables do not contain haem, instead containing antioxidants such as vitamin C, vitamin E, and chlorophyll, the nitrite derived from vegetables does not pose the same mutagenic risk as processed meat.
Discussion
CRC is a somatic genetic disease and its onset is influenced by both the colonic environment and the patient's genetic background. Increased CRC risk is evident in populations of particular dietary patterns. Studies that have focused on singular foodstuffs or nutrients have frequently yielded inconclusive findings, indicating that the risk of CRC is altered depending on dietary pattern rather than simply the consumption of a particular food. Thus, by far the majority of studies have not considered the cumulative effects of multiple risk factors, including increased abdominal adipose tissue, cigarette smoking, physical inactivity, alcohol intake, consumption of saturated fats, and low fibre consumption. The long-term, habitual consumption of processed meat is likely to be another contributing factor [89, 90] . It is evident from the pre-clinical studies that haem is a promotor of CRC development; however, it is unclear from the human evidence if it is simply a confounding factor or an important contributor. The majority of human studies conducted have included multivariate analysis to control for confounding factors; however, too frequently the researchers rely on self-reported data. It is clear from the proposed mechanism that nitrite requires other nutrients to be present to produce carcinogenic compounds. Future research should take a holistic dietary approach when analysing exposure data.
The majority of nitrates ingested in the diet come from vegetable consumption. As previously stated, nitrates are reduced during mastication to form nitrite; the acidic environment of the stomach encourages further reduction to create NO and S-nitrosothiols. In conflict with the conclusions of this review, these by-products of nitrites can elicit beneficial health effects; acidified nitrite can enhance the stomach's antimicrobial activity. Specifically, acidified nitrite has been shown to prevent the growth of Salmonella enteriridis, Salmonella typhumurium, Yersinia enterocolitica, Shigella sonnei, and Escherichia coli (DYK) [91] . NO has also been shown to be a potent vasodilator, and S-nitrosothiols are known to modulate platelet function. These two functions coalesce to improve cardiovascular function, through a lowering of blood pressure. Oxides of nitrogen react with unsaturated fatty acids, such as conjugated linoleic acid, to form nitroalkenes, and these have been shown to inhibit proinflammatory cytokines, such as endothelial TNF-α [92] .
The association between processed meat and CRC is more pronounced in those studies considering only nitrite-containing processed meats. However, the relationship still remains modest in comparison to established carcinogens, such as smoking, that exhibit relative risks in excess of 100 fold [93] . Many of the human studies supporting a role for processed meat in colorectal cancer pathogenesis suffer from methodological limitations. Conversely, the preclinical studies are well controlled, yet yield conflicting results. Preclinical studies indicate that that low processed-meat-consumption does not increase CRC risk; however, high consumption does. It is reported that NOC levels are higher in the faeces of rodents consuming nitrite than in controls [17] ; however, this increase does not result in an increased incidence of adenomas, and that is because not all NOCs are carcinogenic [94] . An unintended consequence of the addition of sodium nitrite to meat is the interaction with secondary amines and the formation of NOCs; a wide range of NOCs exist and the individual risk of each is yet to be characterised. It is possible that the discordance in results is explained by a diverse range of NOCs being formed in each preclinical study.
The use of nitrites as curing agents is controversial. The findings summarised in this review raise more concerns with its usage. It has been reported that the removal of nitrite from processed meat does not compromise its safety [95] ; this issue has attracted considerable media attention [96] . It is clear that well-designed, peer-reviewed research that investigates the efficacy of sodium nitrite as a preservative is needed.
Future epidemiological studies should consider more specifically categorising the processed meat consumed, explicitly distinguishing between those meats which are nitrite-containing and those which are not. When this type of data becomes available it will be possible to infer the actual risk posed by the addition of nitrites. Furthermore, preclinical dose response studies are currently lacking and these could help refine the no observed adverse effect level (NOAEL), informing the design of human intervention studies. On the basis of several observational studies [32, 34, 57, 74] , the WHO has declared that processed meat should be avoided entirely. Currently, all processed meats are considered group 1 carcinogens, despite there being a vast difference in nutrient compositions. Some processed meats do not contain nitrite; therefore, it is possible that not all processed meats carry the same level of risk.
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